Mayaro virus (MAYV) causes an acute febrile illness similar to that produced by chikungunya virus (CHIKV), an evolutionary relative in the Semliki Forest virus complex of alphaviruses. MAYV emergence is typically sporadic, but recent isolations and outbreaks indicate that the virus remains a public health concern. Given the close phylogenetic and antigenic relationship between CHIKV and MAYV, and widespread distribution of CHIKV, we hypothesized that prior CHIKV immunity may affect MAYV pathogenesis and/or influence its emergence potential. We pre-exposed immunocompetent C57BL/6 and immunocompromised A129 or IFNAR mice to wild-type CHIKV, two CHIKV vaccines, or a live-attenuated MAYV vaccine, and challenged with MAYV. We observed strong cross-protection against MAYV for mice pre-exposed to wild-type CHIKV, and moderately but significantly reduced cross-protection from CHIKV-vaccinated animals. Immunity to other alphavirus or flavivirus controls provided no protection against MAYV disease or viremia. Mechanistic studies suggested that neutralizing antibodies alone can mediate this protection, with T-cells having no significant effect on diminishing disease. Finally, human sera obtained from naturally acquired CHIKV infection cross-neutralized MAYV at high titers in vitro. Altogether, our data suggest that CHIKV infection can confer cross-protective effects against MAYV, and the resultant reduction in viremia may limit the emergence potential of MAYV.
Results
Wild-type CHIKV protects against MAYV disease in immunocompetent mice. To investigate the cross-reactive immune potential between CHIKV and MAYV, we first evaluated neutralizing antibody titers in CHIKV-infected C57/B6J mice (Fig. 1a ). These mice were vaccinated or inoculated with CHIKV strain 99659, vaccine candidates CHIKV/IRES, EILV/CHIKV, or MAYV/IRES, Venezuelan equine encephalitis virus (VEEV; a distantly related alphavirus) vaccine strain TC-83, the unrelated flavivirus Zika (ZIKV) or were sham-vaccinated (N.B. see materials and methods for details on viruses used). Mice inoculated with CHIKV-99659 and all CHIKV-vaccinated groups developed moderate (>320) CHIKV-neutralizing antibody titers, as expected. Mice sham-vaccinated with PBS served as negative controls and developed no detectable neutralizing antibodies. Mice vaccinated with MAYV/IRES developed high (>640) MAYV-neutralizing antibody titers and mice vaccinated with TC-83 presented with typical VEEV-neutralizing antibody titers (≤320). Mice infected with ZIKV developed low (≤40) ZIKV-neutralizing antibody titers.
Prior to MAYV challenge, little-to-no cross-reactive neutralization activity was detected in the sera of the CHIKV-vaccinated groups, the PBS-vaccinated group, or in the TC-83-and ZIKV-infected groups. Mice infected with wild-type CHIKV-99659 presented the highest (≤160) cross-reactive (MAYV) neutralizing antibody titers out of all non-MAYV vaccine/virus groups, with the CHIKV vaccines generating lower levels of cross-neutralization. Mice were then challenged with 10 5 PFU of MAYV. There were no significant changes in weight among any of the vaccine/virus groups. This is expected since weight loss offers a less sensitive disease signal in immunocompetent mice as seen previously 41, 42 . However, MAYV/IRES completely protected against footpad swelling and CHIKV-99659 also provided significant protection when compared to all other groups (Fig. 1b) . These data also correlated with the viremia studies; both MAYV/IRES and CHIKV-99659 vaccination/infection prevented detectable MAYV viremia throughout four days post-challenge ( Fig. 1c ). There was no evidence for diminished MAYV disease or viremia in any of the CHIKV-vaccinated groups or other virus control groups.
CHIKV immunity protects against MAYV disease in immunocompromised mice. We next analyzed cross-protective immunity in an immunocompromised, lethal mouse model. A129 mice vaccinated with CHIKV/IRES, MAYV/IRES, EILV/CHIKV, or sham-vaccinated were analyzed for virus-specific neutralizing antibodies. Other virus controls could not be used because of the susceptibility of this model to disease and death following administration of some viruses and vaccines. A129 mice developed high CHIKV neutralization titers (>640) after administration of all CHIKV vaccines, and high MAYV neutralization titers (>640) in the MAYV/ IRES group. Interestingly, in A129 mice, we observed similar cross-reactive neutralizing antibody titers (≥80) in the CHIKV/IRES group compared to those of CHIKV-99659 in the immunocompetent mouse model study described above. The EILV/CHIKV group developed less cross-reactive immunity (≤80). Figure 2a describes the virus-specific and MAYV-cross-reactive neutralizing antibody titers for these experimental groups. Following challenge with a lethal dose of MAYV, EILV/CHIKV-and sham-vaccinated groups displayed significant weight loss and footpad swelling (Fig. 2b,c) , with mortality resulting five days post-challenge ( Fig. 2d ). Footpad swelling observations suggested that MAYV/IRES completely protected against disease, as expected, and CHIKV/IRES displayed similar protection with a small spike in footpad swelling on day two post-challenge. Both CHIKV/ IRES and MAYV/IRES vaccination protected against detectible MAYV viremia and fatal outcomes. EILV/CHIKV offered no protection from disease (i.e. footpad swelling), viremia, or death.
Passive transfer of CHIKV immune serum is not protective against MAYV challenge in immunocompromised mice.
To further explore whether cross-protective immunity is T-cell-or antibody-mediated, C57/B6J mice were vaccinated or infected with the viruses/vaccines described above in the C57/B6J cross-protection study. Next, 100 µl of immune sera (i.e. collected 6 weeks post-infection) was administered to A129 mice intraperitoneally prior to challenge with a lethal dose (10 5 PFU) of MAYV. Figure 3a describes the neutralizing antibody titers for the immune sera transferred. No cross-protection was observed among any of the groups except the MAYV/IRES positive control group. Changes in weight were consistent among all groups (Fig. 3b) ; however, footpad swelling ( Fig. 3c ) and viremias ( Fig. 3d ) were elevated in all heterologous CHIKV vaccine/virus groups, and all experimental groups succumbed to disease six days post-MAYV-infection (Fig. 3e ). The sham-challenged and MAYV/IRES-vaccinated, challenged control groups survived the entire study and showed no signs of illness.
T-cells from CHIKV-infected mice are reactive to MAYV 12A antigen. To investigate the cellular response to MAYV 12A antigen (i.e. the virus strain used in challenges throughout the study) following exposure to PBS, ZIKV, EILV/CHIKV, CHIKV/IRES, CHIKV-99659, or MAYV/IRES, we measured ex vivo intracellular IFN-γ production among murine CD4 + and CD8 + T-cells following stimulation with MAYV 12A. All groups produced significantly (p ≤ 0.05) higher numbers of MAYV-specific IFN-γ + -CD4 + and CD8 + T-cells when compared to the PBS control group (Fig. 4 ). As expected, the MAYV/IRES group produced the highest numbers of IFN-γ + T-cells; however, the CHIKV-99659 group also produced large quantities of IFN-γ + T-cells.
T-cell depletion studies suggest cross-protection is antibody-mediated. IFNα/βR −/− mice were vaccinated with 10 4 PFU of CHIKV/IRES, 10 8 PFU of EILV/CHIKV or sham-vaccinated with PBS. Ten weeks post vaccination, CD4 + and CD8 + T-cells were independently depleted with antibodies (>98% depletion efficiency compared to isotype controls; data not shown) and mice were then challenged with a lethal dose (10 5 PFU) of MAYV. Since previous studies showed that depletion of both CD4 + and CD8 + T-cells in MAYV/IRES vaccinated A129 mice did not have any effect post MAYV challenge (data not shown), and given the pathogenicity of this vaccine in 6-week old IFNα/βR −/− mice, this group was excluded from this study. As seen previously, EILV/ CHIKV vaccination did not protect against MAYV-induced disease, but the CHIKV/IRES group was protected from mortality ( Fig. 5 ). The viremia studies also suggested a reduction in the CHIKV/IRES-vaccinated but not EILV/CHIKV-vaccinated mice ( Fig. 5g -i). No statistically significant trend or pattern was detected when CD4 + or CD8 + depleted groups were compared to the isotype controls. These results suggest little or no role for T cells in the protection against MAYV challenge.
CHIKV-immune human sera cross-neutralizes MAYV in-vitro.
To investigate the extent to which naturally acquired CHIKV immunity in humans can cross protect against MAYV infection, 24 serum samples from 20 individuals who presented with suspected CHIKV infection in Trinidad during the 2014/15 CHIKV outbreak (18 individuals) and in 2016 (2 individuals) were screened by ELISA for CHIKV-specific antibodies. These samples were then analyzed for the ability to neutralize CHIKV (i.e. vaccine strain 181/25) and MAYV 12A infection on Vero cells by plaque reduction neutralization tests (PRNT). As indicated in Table 1 , both early (i.e. <180 days post-onset of illness [dpo]) and late (≥180 dpo) convalescent samples were available for four individuals (TT93, TT103, TT112 and TT114). All other individuals were represented by serum from a single time point, of which four were during early convalescence (TT35, TT47, TT107, and TT122). CHIKV-specific IgG antibodies were detected in 22 out of the 24 samples, and CHIKV-specific IgM antibodies in one out of ten samples tested (i.e. TT47). CHIKV-neutralizing antibodies were detected in all of the CHIKV IgG-positive samples with PRNT 80 www.nature.com/scientificreports www.nature.com/scientificreports/ titers ranging from 40 to 40,960. All but two of the CHIKV IgG-positive sera (i.e. TT103 and TT112) also neutralized MAYV with titers ranging from 40 to 2,560. Two samples collected during the CHIKV outbreak (TT10 and TT38) had eight-and two-fold higher PRNT 80 titers for MAYV 12A than for CHIKV 181/25 respectively, suggesting possible MAYV or another alphavirus infection.
Discussion
MAYV is an important re-emerging alphavirus in the Americas. Despite its history of small sporadic outbreaks, MAYV has the potential to cause large devastating outbreaks through potential peridomestic, human-amplified transmission. Therefore, identifying and understanding the factors that can influence the epidemic potential of MAYV is important to forecasting its spread and disease burden. MAYV and CHIKV share many characteristics and are phylogenetically and serologically related members of the Semliki Forest complex. There is no published information available on whether or not MAYV circulation or immunity is affecting the epidemic dynamics of www.nature.com/scientificreports www.nature.com/scientificreports/ CHIKV in the Americas, but CHIKV is now probably endemic in many parts of Latin America and its reciprocal effects on MAYV emergence warrants investigation.
Our studies in immunocompetent C57/B6J mice show that immunity derived from wild-type CHIKV (CHIKV-99659) infection diminished MAYV disease and completely prevented MAYV viremia. However, immunity induced by two highly immunogenic and efficacious CHIKV vaccines, CHIKV/IRES or EILV/CHIKV, offered no protection from MAYV disease or viremia. The differential protective effects observed here may be attributed to the significant disparity in CHIKV-specific and MAYV cross-reactive neutralizing antibody titers. The sera from CHIKV-99659-infected mice contained CHIKV-neutralizing antibody titers >640, at least double those of the vaccinated groups. As expected, the degree of CHIKV immunity significantly correlates with MAYV cross-reactive neutralizing antibody titers, such that higher CHIKV-specific neutralizing antibody titers are correlated with higher cross-reactive neutralizing antibody titers. Our data also suggest a cross-neutralizing antibody threshold needed for protection from MAYV infection. The complete absence of any protective effects by the TC-83 groups, which are either more distantly related or unrelated viruses, respectively, confirms that the observed CHIKV cross-protection is specific and likely due to antigenic overlap between CHIKV and MAYV. Immunity to CHIKV-99659 infection also completely prevented the development of MAYV viremia, which has important implications for MAYV's emergence potential since the absence of or even reduction of MAYV viremia in CHIKV-immune persons could prevent transmission. This suggests that CHIKV herd immunity, which is high in many parts of Asia [43] [44] [45] and Latin America 46-48 may reduce MAYV's epidemic potential.
Our cross-protection study performed in 8-wk old A129 mice, a more sensitive model for MAYV disease, also demonstrated limited cross-protection from CHIKV vaccines. Of the vertebrate replication-competent viruses, only the attenuated CHIKV/IRES and MAYV/IRES vaccine strains could be employed because In contrast, CHIKV/IRES-derived immunity protected against MAYV viremia and mortality, and greatly reduced footpad swelling on day two post-challenge. Remarkably, evaluation of CHIKV-specific and MAYV-cross-reactive neutralizing antibody titers from the CHIKV/IRES group closely reflected those induced by CHIKV-99659 infection of C57/B6J mice. The enhanced susceptibility of this immunocompromised model to viral replication in the absence of an interferon type I response presumably allows a live-attenuated vaccine such as CHIKV/IRES to illicit immunity similar to that following a wild-type CHIKV infection in immunocompetent mice, and hence a similar degree of cross-protection was observed. Our study suggests that a minimum CHIKV immunity threshold must be achieved to provide effective cross-protection against MAYV disease. Our data suggests that cross-protection may be conferred when a cross-neutralization threshold of ≥80 is achieved in vivo.
Given the evidence that CHIKV immunity can reduce MAYV disease and prevent MAYV viremia, thereby hindering its emergence potential, we sought to determine the influence of humoral and cell-mediated immunity on the observed cross-protection. There were high numbers of MAYV antigen-cross reactive T-cells in CHIKV/ IRES-vaccinated and wild-type CHIKV-infected mice suggesting shared T-cell epitopes among the viruses. With the exception of MAYV/IRES, passive transfer of immune sera from EILV/CHIKV-, CHIKV/IRES-, CHIKV-99659-, TC-83-, and ZIKV-infected mice provided no protection from MAYV disease in A129 mice. Given IACUC protocol limitations, circulating neutralizing antibody titers were not estimated after passive transfer, however, previous studies indicate that transferring a neutralizing antibody titer of 320 or 640, typically results in a circulating titer of 20-40 or 40-80. This result can therefore be explained by the considerable dilution of the neutralizing antibodies circulating within the mouse (≈10-fold dilution), such that the minimum antibody threshold needed for protection was not obtained. To ensure that the previously observed minimum neutralizing antibody threshold was maintained, T-cell depletion studies were performed in IFNα/βR −/− mice. As expected, these studies generated similar results with the initial cross-protection studies done in the 8-week A129 mice with an intact T-cell response, although this cellular response was possibly primed to a lesser extent given the longer period (4 weeks versus 10 weeks) between CHIKV exposure and MAYV challenge. Consistent with our previous studies, EILV/CHIKV vaccination failed to protect against footpad swelling, weight loss, or viremia, while, CHIKV/IRES-vaccinated mice depleted of T-cells survived challenge and exhibited reduced viremia. The absence of any significant trend in the knockout models indicated that CD4 + and/or CD8 + T-cells have little or no effect on the immune protection observed. These data suggest that neutralizing antibodies against CHIKV are sufficient to reduce MAYV disease and prevent viremia. Although many studies demonstrate that humoral immunity alone is adequate to provide homologous and heterologous protection from alphaviral disease [34] [35] [36] 53, 54 , previous work provides strong evidence of the role of T-cells in homologous and heterologous protection among members of the Semliki Forest complex 34, 38, 40, 55 . While our mechanistic studies suggest the humoral immune response alone can provide protection and T-cells play little or no role in diminishing disease, further studies such as adoptive transfers may be warranted to determine the exact degree, if any, of cross-protection afforded specifically by the cellular immune response. Finally, our results indicate that naturally acquired CHIKV-specific human antibodies from Trinidad can strongly cross-neutralize MAYV infection in vitro. Although our sample size was small, a recent report based on sera from 35 individuals also supports our findings 56 . Our neutralization titers were generally higher (at least four-fold) against CHIKV than MAYV, delineating CHIKV infections in these individuals. Of note, there were two individuals whose neutralization titers were eight-and two-fold higher against MAYV than CHIKV indicating possible MAYV or another alphaviral infection respectively. No MAYV outbreaks have been documented in Trinidad, but the virus was originally isolated in forested regions within Trinidad 1 and presumably remains in circulation. Typical MAYV cross-neutralization titers in humans were above the apparent PRNT 80 threshold of 80 for cross-protection in mice ( Table 1 ), suggesting that cross-protection may be conferred in human samples. However, further studies aimed at elucidating the cross-protection PRNT titer threshold of human serum are warranted to test this hypothesis. There is currently insufficient epidemiologic data available throughout the Americas to determine with any certainty whether MAYV emergence has been limited by preexisting CHIKV immunity since 2013. This is further compounded by the absence of adequate diagnostics for MAYV or inclusion of MAYV as a differential diagnostic in some countries. Improved epidemiological studies with rigorous and thorough diagnostic testing are necessary to provide sufficient information to further test this hypothesis.
In conclusion, our results indicate a significant cross-reactive immunological response between MAYV and CHIKV, which could reduce the risk of MAYV emergence in neotropical regions with high levels of natural CHIKV herd immunity due to epidemic transmission since 2013. However, cross-reactivity based on a CHIKV vaccine may not be strong enough to limit the emergence of MAYV. MAYV-specific vaccines should therefore continue to be developed.
Materials and Methods
Viruses and cell cultures. The wild-type and attenuated vaccine CHIKV strains used in this study were provided by the World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the University of Texas Medical Branch (Galveston, Texas, USA). These included CHIKV/IRES (i.e. a live-attenuated CHIKV vaccine) 57 , EILV/CHIKV (i.e. a chimeric host-restricted CHIKV vaccine) 58 , CHIKV-99659 (i.e. an Asian-American, wild-type CHIKV isolated from the British Virgin Islands in 2014) 59 and CHIKV 181/25 (i.e. vaccine strain) 60 . MAYV strains included MAYV/IRES (i.e. a live-attenuated MAYV vaccine) 41 and 12A (i.e. a genotype D wildtype MAYV isolate from a 2010 outbreak in Venezuela) 10 . Additionally, Zika virus (ZIKV) strain FSS13025 (i.e. a Cambodian ZIKV strain) 61 and Venezuelan equine encephalitis virus (VEEV) strain TC-83 (i.e. a live-attenuated VEEV vaccine) 62, 63 were used for the study. Vero 76 (African green monkey kidney), were obtained from the American Type Cell Collection (Bethesda, MD) and maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 5% fetal bovine serum (FBS), and Penicillin and Streptomycin (Pen/Strep) (100 U/ ml) in a 37°C, 5% CO 2 incubator. C7/10 (Aedes Albopictus) cells were obtained from the WRCEVA and maintained in DMEM supplemented with 10% FBS, 1% minimal essential medium non-essential amino acids, 1% tryptose phosphate broth and Pen/Strep (100 U/ml) in a 29°C, 5% CO 2 incubator. C7/10 cells were used to propagate EILV/CHIKV (i.e. it does not replicate in vertebrate cells) for vaccination and Vero cells were used to propagate all remaining viruses and vaccine strains, and used during plaque assays and PRNT 80 tests.
Cross protection in an immunocompetent mouse model. Four-week old C57B6/J mice (Jackson Laboratory, Bar Harbor, ME, n = 8) were vaccinated or infected subcutaneously with 10 4 plaque-forming units (PFU) of CHIKV/IRES, CHIKV-99659, MAYV/IRES, TC-83, 10 5 PFU of ZIKV, 10 8 PFU of EILV/CHIKV, or sham-vaccinated with PBS. A PBS group (n = 8) was also employed as uninfected controls. Virus and vaccine doses were administered based on their initial reports to achieve sufficient preexisting immunity for homologous protection. Twenty-eight days post-vaccination, mice were bled to evaluate humoral immune responses via neutralization assays. Thirty-one days post-vaccination mice were challenged intradermally in the hind footpad with 10 5 PFU of MAYV. This dose was selected based on previous studies to generate sufficient MAYV disease signal to allow for statistical comparison in both murine models employed 41, 42 . Mice were bled on alternating days (i.e. days one and three or days two and four) for viremia measures. Viremia was determined by plaque assay using Vero cells with standard protocols and eighty percent plaque reduction neutralization tests (PRNT 80 ) were also performed on Vero cells using CHIKV-99659 as the control CHIKV and 12A as the control MAYV 64 . For PRNT 80 , serum was heat inactivated at 56°C for 30 min and serially diluted in DMEM containing 1% FBS. All dilutions were then further diluted an additional 2-fold by the addition of ∼100 PFU of MAYV or CHIKV, mixed, and incubated at 37°C for 1 hr, then 100 PFU was transferred to 90% confluent monolayers of Vero cells in 12-well plates and incubated at 37°C for 1 hr. PRNTs were done in duplicate. Overlay containing 0.4% agarose in DMEM with 2% FBS and Penicillin and Streptomycin (Pen/Strep) (100 U/ml) was added, and plates were incubated for 2 days at 37 °C. Cells were then fixed in 10% formaldehyde, and plaques visualized following crystal violet staining. Weight changes and footpad swelling were measured daily for 14 days post-challenge.
T-cell depletion studies.
Five-week-old IFNAR knockout mice (n = 15) were vaccinated with 10 4 PFU of CHIKV/IRES, 10 8 PFU of EILV/CHIKV, or sham-vaccinated with PBS. Ten weeks later, anti-CD4 (clone GK1.5), anti-CD8 (clone 2.43), or rat IgG2b isotype control (clone LTF-2) antibodies (Bio X Cell, West Lebanon, NH) were administered intraperitoneally to mice (e.g. n = 5/antibody group) on days −3, −1, and 3 post-challenge. On the day of challenge, blood samples were taken from three mice per each group and circulating T-cells were quantified by flow cytometry to determine knockdown efficiency. After confirming >95% knockdown in all groups, mice were challenged with a lethal dose (10 5 PFU) of MAYV. Mice were bled daily for four days for viremia measurements. Weight changes and footpad swelling were measured for six days post-challenge or until mortality.
Cross-neutralization studies of MAYV 12A in human sera samples. Twenty-four (24) serum samples from 20 individuals who had presented with clinical symptoms of CHIKV infection during the 2014-2015 CHIKV epidemic in Trinidad (n = 18) and in 2016 (n = 2) were screened for neutralizing activity against CHIKV vaccine strain 181/25 and MAYV strain 12A using PRNTs. Neutralization titers were calculated and expressed as the reciprocal of the initial serum dilution yielding greater than 80% reduction (PRNT 80 ) in the number of plaques as compared to control wells. Serum samples were tested for the presence of CHIKV specific antibodies using EuroImmun Anti-Chikungunya Virus ELISA IgM and IgG kits (EuroImmun AG, Germany), with the IgM ELISA used only for early convalescent (<180 dpo) samples. A subset of samples (TT10 -TT57) were also tested using AbCam Human Anti-Chikungunya Virus ELISA kits (AbCam, Cambridge, UK) for IgG. Samples were deemed IgG positive if a positive result was returned by either the EuroImmun ® or AbCam ® IgG kit.
Statistics. Data normalcy was tested using a combination of Q-Q plot and box-plot analyses. However, uneven group numbers, especially in the context of lethal models, precluded ranks-based analyses and parametric tests were universally employed. One-way and repeated measures ANOVAs, as well as Kaplan-Meier survival curves were performed using SPSS statistics software (IBM Corporation, Armonk, NY).
Ethical approval and informed consent. All experimental protocols were approved by the Virginia Tech Institutional Biosafety Committee. All animal study protocols and experiments were approved by Virginia Tech's Institutional Animal Care and Use Committee (IACUC). All animal experiments were performed in compliance with the guidelines of the Virginia Tech's IACUC. The study protocols regarding archived human sera samples were approved by the Ethics Committee of the University of the West Indies, St. Augustine campus, and methods use were in accordance with the relevant guidelines and regulations. Written informed consent was obtained from all participants. Written informed consent was obtained from all participants.
